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Abstract 

Through verifying against hundreds of hours of airborne in-situ measurements from 

the NASA-sponsored Atmospheric Carbon and Transport – America (ACT-A) field 

campaign, this study systematically examines the regional uncertainties and biases of the 

carbon dioxide (CO2) concentrations from two of the state-of-the-art global analysis 

products, namely the real-time analysis from the European Center (EC) for Medium Range 

Forecasting and NOAA’s near real-time Carbon Tracker (CT) reanalysis. It is found that 

both the EC and CT-NRT analyses agree reasonably well with the independent ACT-A 

flight-level CO2 measurements in the free troposphere but the uncertainties are 

considerably larger in the boundary layer during both the summer months of 2016 and the 

winter months of 2017. There are also strong variabilities in accuracy and bias between 

seasons, and across three different subregions in the United States (Mid-Atlantic, Midwest 

and South). Overall, the analysis uncertainties of the EC and CT-NRT analyses in terms of 

root-mean square deviations against airborne data are comparable to each other, both of 

which are between 1-2 ppm in the free troposphere but can be as large as 10 ppm near the 

surface, which are grossly consistent with the difference between the two analyses. The 

current study not only provides systematic uncertainty estimates for both analysis products 

over North America but also demonstrated that these two independent estimates can be 

used to approximate the overall regional CO2 analysis uncertainties. Both statistics are 

important in future studies in quantifying the uncertainties of regional carbon concentration 

and flux estimates, as well as in assessing the impact of regional transport through more 

refined regional modeling and analysis systems. 
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1. Introduction 

The capabilities to monitor atmospheric carbon dioxide (CO2) using in-situ and 

remote sensing observations combined with numerical models have rapidly evolved to 

meet the needs for more accurate climate projections, and to provide independent estimates 

of anthropogenic CO2 emissions. Changes in atmospheric CO2 can be used to infer uptake 

and release of CO2 from land ecosystems and oceans through inversion methods, which in 

turn can help us understand how the natural carbon cycle responds to both natural and 

human-induced environmental changes, including climate disturbances such as droughts, 

increasing levels of CO2 in the atmosphere, thawing permafrost in the Arctic, and human 

land-use management. Moreover, applied at regional to urban scales, inversions may 

become critical tools in the future to support policies aimed at limiting greenhouse gas 

emissions by providing independent data-driven checks on emissions accounting. To 

support these efforts, a wide variety of inversion systems have been developed over the 

past decade. Two state-of-the-art global near-real time CO2 analyses are the European 

Center (EC) for Medium Range Forecasting real-time analysis and the National Oceanic 

and Atmospheric Administration (NOAA) CarbonTracker Near-Real Time (CT-NRT) 

reanalysis (both of which will be described in section 2). These analyses optimize the CO2 

state and CO2 fluxes by assimilating CO2 observations, and provide gridded estimates of 

global distributions of atmospheric CO2 and CO2 fluxes which are useful for analyzing 

changes in fluxes and as driver data for e.g. regional inversions. 

The variability of CO2 in the atmosphere depends on both the variability of CO2 

surface fluxes and the atmospheric transport. CO2 is a relatively homogeneous trace gas 
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with small signals on the order of a few ppm, which imposes more stringent requirements 

for accurate modeling of the atmospheric transport compared with many other variables. 

Furthermore, CO2 is a relatively long-lived gas, so small systematic transport errors can 

accumulate and have a large impact on the annual CO2 budget. On the other hand, CO2 

surface fluxes are spatially heterogeneous and in-situ observations of CO2 fluxes are 

typically representative of only a small area. Process-based vegetation models show a wide 

diversity of results on the regional scale, which reflect the large uncertainties in our current 

understanding of regional-scale biological CO2 fluxes. It is therefore imperative to 

evaluate modeled CO2 estimates against independent observations to detect systematic 

errors in atmospheric transport and CO2 fluxes. 

In-situ observations of CO2 from instruments such as tall towers can provide long-

term measurements of CO2 at high precision (typically on the order of 0.01 ppm), but lack 

the spatial coverage to accurately capture spatial gradients in CO2 created by varying 

weather systems. The new generation of satellites in sun-synchronous, polar low-Earth 

orbits that focus on CO2 (GOSAT and OCO-2) provide column-average CO2 

measurements over the whole globe, but suffer in other areas such as long revisit times, 

lack of data in cloudy conditions and at high latitudes where the sunlight is insufficient, 

and no information about the vertical distribution of CO2. Additional regular observations 

include surface and aircraft flasks and aircraft in-situ profiles, which also lack the spatial 

and temporal coverage to fully characterize the flux and transport uncertainties of CO2. 

Atmospheric Carbon and Transport – America (ACT-A) is a NASA-sponsored 

project that aims at filling the spatial gap in CO2 observations by conducting five airborne 

campaigns over three regions spanning the eastern United States. The overall goal of ACT-
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Figure 3. Vertical distribution of CO2 concentration averaged over all flights during the 

ACT-A summer 2016 campaign for (a) all regions, (b) Mid-Atlantic, (c) Midwest, and (d) 

South. The EC and CT-NRT CO2 products were linearly interpolated in time and space to 

match the ACT-A flight tracks. 
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Figure 4. Vertical bias of CO2 concentration averaged over all flights during the ACT-A 

summer 2016 campaign for (a) all regions, (b) Mid-Atlantic, (c) Midwest, and (d) South. 

The blue lines show the bias in EC with respect to ACT-A observations, the green lines 

show the bias in CT-NRT with respect to ACT-A observations, and the brown lines show 

the difference between the two CO2 (re)analysis products. 
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Figure 7. Vertical bias of CO2 concentration averaged over all flights during the ACT-A 

winter 2017 campaign for (a) all regions, (b) Mid-Atlantic, (c) Midwest, and (d) South. 

The blue lines show the bias in EC with respect to ACT-A observations, the green lines 

show the bias in CT-NRT with respect to ACT-A observations, and the brown lines show 

the difference between the two CO2 (re)analysis. 
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Figure 8. Vertical distribution of RMSD of CO2 concentration averaged over all flights 

during the ACT-A winter 2017 campaign for (a) all regions, (b) Mid-Atlantic, (c) Midwest, 

and (d) South. The blue lines show the RMSD between EC and ACT-A observations, the 

green lines show the RMSDE between CT-NRT and ACT-A observations, and the brown 

lines show the RMSD between the two CO2 (re)analysis products. 
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subregions is at least partially due to larger spatiotemporal variabilities near the surface 

(where there are sources and sinks of CO2) that will likely lead to larger sampling and 

interpolation errors both in time and space. 

 Figure 5 shows the root-mean square deviations (RMSD) between both analyses 

and the ACT-A measurements as well as between the two analysis products (CT-NRT and 

EC). Due to enhanced biases, and larger spatiotemporal variabilities, the RMSDs of both 

analyses are as high as above 10 ppm in the boundary layer but reduce to around 2 ppm or 

less above 3 km averaged across all the 2016 summer ACT-A flight-level CO2 

measurements. The RMSDs are the smallest (from 6 ppm near the surface to ~1 ppm in the 

free troposphere for both CT-NRT and EC) over the South subregion which has the 

smallest spatiotemporal variabilities, and are the largest in the mid-Atlantic region (from 

as high as 10-18 ppm in the boundary layer to around 2-4 ppm for EC and 1-2ppm for CT-

NRT above 2.5km) which has the largest variabilities (Figure 1). 

 The overall RMSD between the two analyses, though slightly larger, are 

comparable with respective analysis uncertainties at different vertical levels verifying 

against the ACT-A data (Figure 5). This result suggests that these two independent 

analysis estimates can be used to quantify the overall regional CO2 analysis uncertainties 

over North America, which can be used as a baseline reference for future studies in 

quantifying the uncertainties of regional carbon concentration and flux estimates, as well 

as in assessing the impact of regional transport through more refined regional modeling 

and analysis systems. 

 

3.2 Winter 2017 
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Figure 6 shows the comparison of the mean CO2 concentration profiles averaged 

over all flight measurements along with each of the 3 subregions of the 2017 winter phase 

of the ACT-A field campaign. First, the mean profiles by both analyses and ACT-A show 

a reversal of the vertical CO2 gradient from increasing with height during the summer of 

2016 to decreasing with height during the winter of 2017, which is expected as there is a 

net loss of CO2 at the surface during the summer plant growing season over North America, 

while there is a net gain from the surface during winter, which is due primarily to plant 

respiration and fossil fuel emissions. The net change over this 6-month period is about 5 

ppm in the free troposphere average of all ACT-A flight-level measurements, but the mean 

net change in the boundary layer is as high as 10-20 ppm. 

The mean CO2 profile interpolated from the CT-NRT reanalysis agrees 

exceptionally well with the ACT-A 2017 winter measurements across all subregions except 

for maybe missing a peak value by 2-3 pm at around 1 km in the boundary layer (Figure 

7). The EC analysis on the other hand has a systematic high bias across all subregions and 

at all vertical levels ranging from around 5 ppm near the surface to a near persistent 1-2 

ppm high bias above 2 km. Given that the EC analysis only assimilates infrequent remote 

sensing CO2 measurements from polar-orbiting satellites (without including surface-based 

tower observations as used in the CT-NRT reanalysis), and that the bias is persistent 

throughout the whole atmospheric column, it is possible such a bias is at least partially 

inherited from a bias in the satellite measurements. The exact cause of this high bias in the 

EC analysis is beyond the investigation of the current study but the ACT-A measurements 

provide excellent independent observations to identify such a high and persistent bias in 

the EC analysis during the winter months that will certainly be valuable to product 
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developers in future improvement of the model and/or data assimilation including 

enhanced bias correction. Also worth noting that some of the ACT-A flight patterns were 

designed to fly directly under the OCO-2 satellite path so that the direct airborne 

measurements can be used to verify satellite measurements, and possibly correct the biases 

in satellite retrievals.  

The RMSEs for both analyses are considerably smaller during winter 2017 (2-6 

ppm) than those during summer 2016 (6-12ppm) in the boundary layer below 2 km but 

have overall similar level of analysis uncertainties (1-2ppm) in the free troposphere 

(Figure 8 versus Figure 4). Due largely to the persistent positive bias in the EC analysis, 

the analysis uncertainties in the CT-NRT estimates are noticeably smaller than those of the 

EC analysis. The RMSEs are rather comparable across all subregions for both analyses 

except in the boundary layer. 

It is also worth noting that if a simple bias correction is applied to both the EC and 

CT-NRT analyses (by subtracting the overall mean differences from ACT-A observations 

above 1 km across all flight-level measurements for each region from the respective raw 

analysis estimates), the bias corrected EC analysis would have analysis uncertainties 

comparable to those of the CT-NRT analysis (Figure 9). 

Note that since the XCO2 product assimilated by the real-time EC analysis is bias 

corrected based on TCCON data from the previous year (not available for the current year 

due to about 6-month TCCON data latency) while assuming a 2-ppm nominal annual 

changes, such a 2-ppm bias in the EC analysis during the winter is well within the range of 

the uncertainties in the annual changes (Massarat et al. 2016). 
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4. Concluding remarks 

Through verifying against hundreds of hours of airborne in-situ measurements 

collected during the summer 2016 and winter 2017 phases of the ACT-A field campaign, 

this study systematically examines the regional uncertainties and biases of the CO2 

concentrations from two of the state-of-the-art global analysis products. One is the 

experimental real-time global carbon analysis produced by the European Center for 

Medium Range Forecasting using a 4DVar system and the other one is the near real-time 

reanalysis generated by the NOAA’s Carbon Tracker system that is based on the ensemble 

Kalman filter techniques.  

It is found that both the EC and CT-NRT CO2 analyses agree reasonable well with 

the independent ACT-A flight-level measurements in particular above the boundary layer, 

although there are strong variabilities in accuracy and bias between seasons, and across 

different sub-regions of the field campaign. During the summer months of 2016, the 

analysis uncertainties of the EC and CT-NRT analyses again airborne data are comparable 

to each other, both of which are within 2 ppm from above 3 km but increase to about 3 

ppm at 2 km reaching as large as 10 ppm near the surface. The overall biases are small for 

both analysis products while the differences between the two analyses is comparable to the 

analysis uncertainties verifying against flight measurements. Similar analysis uncertainties 

are found to be true also during the winter months of 2017, except for the need for removing 

a ~2 ppm systematic high bias from the EC carbon analysis.  

The current study not only provides systematical uncertainty estimates for both 

analysis products over North America but also demonstrated that these two independent 

estimates can be used to quantify the overall regional CO2 analysis uncertainties, both of 
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which are important in future studies in quantifying the uncertainties of regional carbon 

concentration and flux estimates, as well as in assessing the impact of regional transport 

through more refined regional modeling and analysis systems. 

The current study provides the first overall uncertainty analysis of the EC and CT-

NRT CO2 concentration estimations compared with the ACT-A airborne field 

measurements. Ongoing and planned future studies to be reported elsewhere when 

completed will look at the CO2 concentration and transport uncertainties under different 

large-scale weather patterns. This includes but not limited to how well the analyses 

compare for fair-weather (during which CO2 uncertainties are thought to be predominantly 

flux-driven) and stormy weather (mostly transport-driven errors), and for different regions, 

to investigate potential flux errors due to anthropogenic vs biological fluxes. Other future 

studies could also investigate if the global analyses can capture the horizontal structure of 

CO2, e.g. the strong frontal gradients that were observed during ACT-A. The CO2 

(re)analysis and ACT-A field measurements can also be further used to assess the fidelity 

and uncertainties in the EC real-time forecasts of CO2. Ultimately these uncertainty 

estimates and subsequent modeling experiments will help to address the uncertainties in 

the CO2 flux estimates from different sources and sinks as well as from atmospheric 

transport, as the ultimate goal of the ACT-A field campaign. 
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Figure 1. Flight tracks during the ACT-A summer 2016 campaign in Midwest (blue lines), 

Mid-Atlantic (yellow lines), and South (red lines). (a) and (b) show the flight tracks with 

respect to longitude and latitude, and (c) and (d) show the same tracks with respect to 

latitude and elevation. The shadings in (a) and (b) show the July—August mean CO2 

concentration at around 850 hPa for the EC analysis and the CT-NRT reanalysis, 

respectively. Similarly, the shadings in (c) and (d) show the zonally averaged July—August 

mean CO2 concentration for the EC analysis and the CT-NRT reanalysis. 

  


















